Early stage side-bands are observed on a X-ray diffraction photograph of a Cu-4wt% Ti alloy and the asymmetries in position, intensity and halfwidth of the side-bands become remarkable. In the present paper a model for the concentration distribution of solid solution, which brings about such anomalous diffraction effects, is discussed. From the theoretical treatment for diffraction from solid solutions with a concentration fluctuation, it is concluded that the asymmetries of side-bands cannot be explained by a model of the periodic distribution of the "unit region of concentration variation" (abb. "unit region"), and that the decrease in distance between side-band and main line with aging cannot be explained by a model of the random distribution of "unit region." A new model of the semi-periodic distribution of the "unit region" is proposed. It is shown that the changes in position, intensity and halfwidth of the side-bands with aging, and the time or temperature dependence of their asymmetries can be well understood in terms of the proposed model, if a zone-complex is chosen as the "unit region."
I. Introduction
In order to explain an unusual diffraction effect of side-bands Daniel and Lipson(1) proposed first a model of solid solution with a sinusoidal concentration variation as shown in Fig. 1(a) . On the other hand Hargreaves (2) showed that side-bands can also arise from square-wave concentration variations as shown in Fig. 1(b) and (c), and considered that these concentration variations will occurs at a preprecipitation stage before a nodular reaction. Later, slightly different models (3)- (6) as shown in Fig. 1 (d) were proposed to account for an asymmetry in intensity of side-bands. The models of Fig. 1(a) -(d) can be described as the periodic distribution of the "unit region of concentration variation" (abbreviated to the "unit region" in this paper) , and hence these structures are called modulated structures.
Guinier (7) pointed out that there is no theoretical necessity for periodic distribution of decomposition products. Also, from the kinetic point of view it seems impossible that a distance between the "unit regions" increases con- tinuously with time as the periodic character of array is maintained. The theory of diffraction for a periodic modulated structure predicts sharp satellite reflections of side-bands, whereas the observed side-bands usually diffuse. For these reasons, he proposed a zone model in which zone-complexes are distributed at ramdom, as given in Fig. 1 (e). Manenc (8) and Biickle(9) used a similar zone model as in Fig. 1 (f) to explain the asymmetries in position and intensity of side-bands.
Recently Cahn (10) 
II. Experimental Results
The experimental data necessary for discussing a solid solution model for the early stage side-bands are summarized in the following.
Existence of particles(13)
In the early stage side-bands, ( (4.4) Ih>I1 and the ratio Ih/I1 also increase with aging time, the increasing rate of which is higher at a lower aging temperature.
Later stage side-bands
The later stage follows the early one at it is observed from the initial stage of aging.
In the later stage, the side-bands do not move any longer, but a main line begins to shift to the high angle side during aging, finally overlapping with a high angle side-band. Thereafter, and the intensity of a low angle side-band decreases. The total amount of precipitates tends to increase during this stage.
III. Disussion 1. Amplitude of X-ray scattering by a "unit region of concentration variation"
The amplitude scattered by a crystal in which each plane has a scattering factor fx is given by (2) where x represents the position of a lattice X-ray).
In the case of Cu-4 wt% Ti alloy the scattered intensity arising from the variation of the scattering factor is much weaker than that from the variation of lattice spacing, and is only about 5% of the latter intensity. Hence, fx in eq. (2) may be replaced by a constant value fo, which is an average scattering factor of an alloy, and then
Consider first a square-wave concentration variation as shown in Fig. 2(a) , which may be regarded as a three-phase model of the G.P. zone. Here, c1, c2 and co are the solute concentrations of the inner zone and the outer zone of a zone-complex, and the matrix, respectively. a1, a2 and ao are the corresponding lattice spacings. Since the atomic diameter of Ti is larger than that of Cu, a1>a2 for the case of c1>c2. 2b1 and 2b2 are the numbers of atomic planes in the inner and the outer zones of a zone-complex. For the one-dimensional model we may assume Thus, the scattered amplitude from one zonecomplex, A3, is given by (4) For the case of a square-wave model shown in Fig. 3(a) , which may be regarded as a twophase model of the G. P. zone, the corresponding scattered amplitude from the region of (5) where c1 and ct are the solute concentrations of the new phase and the matrix, respectively, and a1 and at are the corresponding lattice spacings.
For the case of a sinusoidal concentration variation as in Fig. 4(a) , in which the lattice (6) Fig. 4 . One-dimentional model of sinusoidal concentration variation and its diffraction effects.
in which Jp is a Bessel function of pth order.
Random distribution of "unit region"
If n zone-complexes are distributed at random as in Guinier's model ( Fig. 1(e) and (f)), the total scattered intensity, I3r, can be written as For the case of random distribution of n two-phase zones, the total scattered intensity I2r can be written as (9) If the decomposition occurs over the entire area of a specimen as shown in Fig. 5(a) , the resultant intensity distribution is shown by the dotted lines in Fig. 3(b) . To interpret the existence of the main lines which remain at the same positions as those for an as-quenched specimen, we must suppose the existence of two different regions, decomposed and undecomposed, as shown in Fig. 5(b) . However, a transmission electron micrograph suggests that the decomposition of the alloy occurs not locally but uniformly throughout the specimen, as shown in Photo. 1. It is observed that the strain contrasts due to the concentration variation are distributed in a somewhat periodic manner. Even if we assume the case of local decomposition as shown in Fig. 5(b) , the model of random distribution of two-phase zone has the same difficulties as the three-phase model in explaining the experimental results (2.1) and (3.1). When n regions each of which has a sinusoidal concentration variation are distributed randomly in a specimen, the total scattered intensity Ifr becomes (10) In Fig. 4 
Periodic distribution of "unit region"
If n zone-complexes are arranged regularly at an interval of Qpa0, the network of the zonecomplexes may be regarded as a giant lattice, in which each lattice point has a scattering factor A3. Thus, the total scattered amplitude from these zone-complexes, A30, can be expressed as (11) and the corresponding scattered intensity I30
is given by (12) where Ipr(s)=(sin nsnQpa0/sin nsQpa0)2. (13) Ipr(s) is a periodic function of s which gives intensity peaks with a maximum value of n2 and a halfwidth of about 1/nQpa0 at the responds to the size of a specimen and n2 is large enough, Ipr(s) gives sharp reflection lines. In Fig. 2 (b) Ipr(s) is shown by a chained line. The total intensity I30 is shown by a broad line, which can be obtained as the product of the values shown by a dotted line and those shown by a chained line. In case of the periodic distribution of twophase zones, the total scattered intensity I20 can be written in a similar way: (14) In Fig. 3(b) I20 is shown by a broad line.
For a sinusoidal concentration variation model as shown in Fig. 1(a) , the total intensity If0 is written as (15) In this case, the distance between the "unit regions", Qpa0, is equal to the wavelength of the concentration variation L, and then the functions Izf(s) and Ipr(s) have maximum values at the same s. In Fig. 4(b) If0 is shown by a broad line. Now, suppose that in each case described above side-bands arise from I30, I20, or If0, respectively. As can be seen in Figs. 2(b) and 3(b), I30 and I20 give side-bands of different intensities, but no asymmetry of their positions and halfwidths. In terms of If0 even an asymmetry of the intensity of side-bands cannot be obtained, as shown in Fig. 4(b) . Nevertheless, the concept of such periodic models has an important merit. These models can explain well the movement of side-bands during aging, (2.1) and (3.1), when the distance Qpa0 increases with aging time.
4. Semi-periodic distribution of "unit regions" As already described in the preceding sections, the model of a random distribution of "unit regions" cannot explain the movement of side-bands during aging. On the other hand, the model of a periodic distribution of "unit regions" cannot account for the asymmetry of side-bands in position and halfwidth. To solve this problem, we introduce the concept of semi-periodic distribution of "unit regions". In the semi-periodic model, the distances between the nearest "unit regions", Qda0, are not necessarily constant but are distributed in the neighborhood of an average value Qda0. An example of a semi-periodic distribution is shown in Fig. 6 . Guinier has criticized the validity of periodic models, since the movement of side-bands toward its main line during aging would require a drastic rearrangement of component atoms as the periodicity Qp increases. But in terms of the semi-periodic model, it is possible to consider that "unit regions" with small values of Qd aggregate to form those with larger Qd. Consequently the average value of Qd increases continuously with aging time. In fact, transmission electron micrographs show that the "unit regions" are distributed not in a strictly periodic but in a semiperiodic manner, as shown in Photo. 1. The average spacing of the microstructure is approximately 250A.
In the case of the semi-periodic distribution of "unit regions", we obtain the following expression for the scattered intensity: (16) where Ipd(s) denotes the intensity from a semiperiodic lattice with a parameter Qda0, in which each lattice point has an unit scattering factor. Although an exact estimation of function Ipd(s) is difficult, Ipd(s) may give represents the scattered intensities from zonecomplexes distributed at an average distance of Qda0. Here, we assume that Ipd(s) can be given by a normal distribution function, and c1-c0=c0-c2 as in the case of Fig. 1 (e). Id(s) gives side-bands shown by the shaded area in Fig. 7 . The position of the side-bands is asymmetric with respect to the main line. The high angle side-band is located closer to the main line than for the low angle one. Also, the side-bands have different intensities and different halfwidths. When Qd increases with aging time, the side-bands move toward the main line. In this way, the semi-periodic model proposed here can well explain the asymmetric character and the movement tendency of sidebands observed in the present alloy.
The same argument is possible for the case of a two-phase model. But in that case it becomes difficult to explain the transition from the early stage to the later stage of side-bands.
Aging time or temperature dependence
of the asymmetry of the side-bands
As described above, we consider that sidebands of the alloy result from the semi-periodic distribution of zone-complexes. Now, we examine the time or temperature dependence of positions, intensities and halfwidths of the early stage side-bands. Assume that Ipd(S) is the same function in all cases+, and c1-c0= 2(c0-c2). c1 and c2 are unchanged during aging at a given temperature, but they approach c0 as temperature is increased. The average spacing and the size of the zone-complexes increase with aging time. On these assumptions, we calculated the intensity distribution of sidebands from eqs. (4) and (11) . Figure 8 shows the effect of aging time on the features of sidebands thus obtained. The parameters, b1 and 1/Q, used for the construction of Fig. 8 are given in Table 1 . It can be seen that with aging time, side-bands approach a main line and become stronger and sharper. Also, the asymmetry in position and intensity of sidebands increases with aging time. The characteristic values of side-bands obtained are listed in the table. Figure 9 shows the effect of aging temperature. The lattice parameters of the inner and outer zones of the zone-complex, a1 and a2, are changed by aging temperature. It is seen from the figure that while the change in value of al has little effect on the intensity of a low angle side-band, the change in the value of a2 has a marked effect on that of a high angle Strictly speaking, the function Ipd(s) may change with aging time. But the asymmetry of side-bands can well be explained even by this rough estimation. Table 1 Time dependence of side-bands obtained from Fig. 8 Fig . 9 . Schematic illustration of asymmetry of sidebands. Effect of aging temperature.
side-band. On the other hand, the positions and the halfwidths of side-bands are not appreciably affected by the changes in the lattice parameters. Table 2 gives the characteristic values of side-bands obtained from Fig. 9 . Although the asymmetry in position and halfwidth of side-bands depends only on aging time or the value of Q, the asymmetry in their intensity, Ih/I1, depends not only on aging time but also on aging temperature. Such a time or a temperature dependence of side-bands obtained is in good agreement with that observed experimentally in the present alloy.
IV. Summary
The concentration variation model for the 
